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Abstract: Hexagonally aligned, free-standing silicon nanowire (SiNW) arrays serve as photonic 
resonators which, as compared to a silicon (Si) thin film, do not only absorb more visible (VIS) and near-
infrared (NIR) light, but also show an inherent photonic light concentration that enhances their 
performance as solar absorbers. Using numerical simulations we show, how light concentration is induced 
by high optical cross sections of the individual SiNWs but cannot be optimized independently of the 
SiNW array absorption. While an ideal spatial density exists, for which the SiNW array absorption for 
VIS and NIR wavelengths reaches a maximum, the spatial correlation of SiNWs in an array suppresses 
the formation of optical Mie modes responsible for light concentration. We show that different from 
SiNWs with straight sidewalls, arrays of inverted silicon nanocones (SiNCs) permit to avoid the mode 
suppression. In fact they give rise to an altered set of photonic modes which is induced by the spatial 
correlation of SiNCs in the array, and therefore show a higher degree of freedom to independently 
optimize light absorption and light concentration. Apart from explaining the good light absorbing and 
concentrating properties of SiNC arrays, the work justifies a revaluation of SiNW arrays as optical 
absorbers. 
Introduction: To overcome the problem of low light absorption in silicon (Si) thin films, anti-reflective 
and light trapping surface structures were implemented in advanced photovoltaic (PV) device concepts, 
and modern nanotechnology could further promote innovation in the development of elaborate light 
management strategies. Random scatterers, like pyramidal structures1, upright nanocones2, periodic3, 
quasi random4,5, or randomly textured structures6 have been investigated and could reduce reflection and 
enhance light trapping of Si thin films towards the ray optics limit (Lambertian limit / Yablonovich 
limit)7. In wavelength-scale photonic structures, like arrays of SiNWs8, photonic crystals9 or Si 
nanospheres10 classical ray optics is no longer valid and they offer a fundamentally different approach 
towards light trapping strategies. Here, light trapping in photonic modes can even exceed the Lambertian 
limit for certain resonant wavelengths11. Photonic modes enhance the local density of states (LDOS) in 
the material, which permits to achieve higher PV device efficiencies caused by light concentration11–14. 
Arrays of SiNWs were proposed to improve light absorption in Si in both different ways: while random 
multiple scattering in SiNW arrays enhances broadband light absorption15–17, resonant optical phenomena 
such as Mie scattering at individual SiNWs18–20 constitute the optical response of the entire absorber, i.e. 
cause an overall wavelength-, angle- or polarization- selective photonic absorption enhancement21–23. 
Recently, arrays of inverted SiNCs were demonstrated to even exceed the light trapping in SiNW arrays24.  
Using the results of numerical simulations, this work presents strategies to optimize light absorption in 
free standing arrays of SiNWs and SiNCs and specifies the fundamental difference between the two 
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geometries. An explicit focus resides on the limitations of inherent light concentration (photonic light 
trapping) in arrays of SiNWs and SiNCs. It is demonstrated that once arranged in arrays, the SiNCs show 
a higher VIS-NIR absorption while simultaneously inducing a much higher intrinsic light concentration 
than SiNWs, which are less favorable but were already widely discussed in this context8,18,25–30. The 
important difference in absorption efficiency can be attributed to the photonic mode formation within 
SiNC arrays which is completely different from the mode formation SiNW arrays. While SiNC arrays 
promote photonic resonances in neighboring SiNCs, resonances in neighboring SiNWs extinct one 
another and do not permit a simultaneous optimization of light absorption and concentration. The SiNC 
array delineates therefore a prototype of a photonic resonator structure which is suitable for the design of 
controllable, inherently light concentrating, Si-based light absorbers and as such can serve as a very 
efficient building block in thin-film solar cell or solar-fuel device concepts. The first section of this work 
serves as an introduction to all necessary theory, required to appreciate the presented study. On this basis, 
the main claims of the manuscript will carefully be derived. 
Light absorption and concentration in individual silicon nanowires: An individual SiNW with a 
diameter in the range of VIS to NIR light can be regarded as a photonic antenna and therefore exhibits a 
highly nonlinear absorption and scattering behavior21. Its light absorption / scattering properties can be 
described by the so-called absorption / scattering cross section /abs scaσ σ  which is generally defined as31 
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where jγ  is the incident photon current density and , /abs scaPγ  denotes the total power absorbed / scattered 
by the SiNW. Since jγ  is given in 
2/W m  and the total absorbed / scattered power has the unit W , 
/abs scaσ σ  intuitively represents the area, in which the the SiNW absorbs / scatters the incoming light. 
/abs scaσ σ  is dependent on wavelength, polarization, angle of incidence, diameter and length of the SiNW 
since these parameters are also characteristic for the photonic modes that can be hosted by the SiNW 
optical antenna. /abs scaσ σ  can significantly be higher than the geometrical projection area pA  of the 
SiNW in the plane perpendicular to the direction of the incident light. To describe the light concentration 
on pA , which occurs along with light absorption of the SiNW, a concentration factor X  can be 
calculated according to 
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Physically, this concentration corresponds to an enhancement of the LDOS in the material. Figure 1a 
shows a numerical simulation of the spectral absorption cross section absσ  for free floating individual 
SiNWs with a diameter of 350nm and lengths of 1.6, 2.4, 3.2, 6.4 and 9.6µm illuminated by a linearly 
polarized plane wave (300-1100nm) incident along the SiNW axis. Here, oλ = 300nm roughly marks the 
onset of the solar spectrum and 1λ = 1100nm (1.12eV) corresponds to the band gap of Si, above which no 
absorption will occur. Integration of the spectra shows that the average absorption cross section 
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rises with an increasing length of the SiNWs ( l = 1.6, 2.4, 3.2, 6.4, 9.6µm, absσ = 0.19, 0.25, 0.30, 0.49, 
0.66µm2). Further, the spectrum of the longest SiNW is dominated by four pronounced spectral peaks, 
which decrease in intensity and show a slight blue shift as the SiNW gets shorter. Figure 1c shows absσ  
for SiNWs with a length of 1.6µm and diameters d  of 100, 180, 350, 540 and 760nm for the same 
irradiation conditions. Here, absσ  rises with with increasing diameter ( d = 100, 180, 350, 540, 760nm, 
absσ = 0.05, 0.10, 0.19, 0.30, 0.47µm2) and so does the magnitude of the most pronounced spectral 
peaks. Comparing Figures 1a and c, the height, number and spectral position of those peaks is obviously 
characteristic for the SiNW diameter i.e. they correspond to so-called Mie modes propagating in a plane 
perpendicular to the SiNW axes. Spectra in Figure 1c indicate that a higher number of (less confined) 
modes can be hosted by SiNWs with a larger diameter. The example of a SiNW with 350nm diameter and 
1.6µm length in Figure 1a indicates that absσ  and scaσ  usually peak at about the same spectral positions 
i.e. where the SiNW interacts most efficiently with the incoming radiation. This fact is not immediately 
relevant for the absorption of individual SiNWs but helps to explain the absorption properties of SiNW 
arrays, as will be discussed below.  
Figures 1b, d illustrate the spectral light concentration X  for the free floating individual SiNWs from 
Figures 1a, c calculated according to Equation 2. Integration of the spectra in Figure 1b shows that the 
average light concentration between oλ = 300nm and 1λ = 1100nm 
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rises with an increasing length of the SiNW ( l = 1.6, 2.4, 3.2, 6.4, 9.6µm, X = 1.9, 2.6, 3.1, 5.1, 6.9) 
which is intuitively clear since all SiNWs have the same pA  while, as stated above, absσ  is increasing 
with length. However, with increasing diameter the trend for X  as compared to absσ  is opposite. 
Integration of spectra in Figure 1d according to Equation (4) results in a decreasing X  with increasing 
SiNW diameter ( d = 100, 180, 350, 540, 760nm, X = 6.3, 3.7, 1.9, 1.3, 1.0). Therefore it can be 
concluded that for the regarded range of wavelengths and geometries, individual SiNWs absorb more 
light relative to their projected area pA , i.e. effectively demonstrate light concentration as defined in 
Equation 2 that is increasing with increasing aspect ratio ( /AR l d= ). Note that a higher light 
concentration only corresponds to a higher absolute light absorption (i.e. absσ ) in the SiNW, once 
SiNWs of the same pA  (or d ) with different l  are compared.  
Another feature of the spectra shown in Figure 1 deserves further attention. With decreasing aspect ratio 
AR  of the SiNWs, spectra for absσ  and X  exhibit an increasing number of low bandwidth peaks above 
600nm. These peaks originate from Fabry-Perot (FP) oscillations along the SiNW axis which rise in 
relative intensity, once the SiNW AR  decreases. This can be understood looking at Figure 2. Here, the 
absorption depth δ  of light in Si is plotted with respect to the wavelength λ , while the same graph is 
used to illustrate the SiNW length l  over diameter d . If the wavelengths are longer than the SiNW 
diameter ( dλ > ), or if the wavelengths absorption depth is shorter than the length of the SiNW 
( ( )d lλ < ), absorption enhancement / concentration due to FP modes guided along the SiNW axis will be 
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minor. For dλ > , only a limited number of FP modes will fit the SiNW core and therefore these modes 
do not extensively contribute to absorption. On the contrary, for ( ) lδ λ < , FP modes will significantly be 
damped for light propagation along the SiNW axis with length l . Practically this means that FP modes 
will only show a considerable contribution to light absorption in SiNWs for all geometries below the red 
line in Figure 2. Otherwise the absorption enhancement will be dominated by Mie modes. The inset in 
Figure 2 depicts the mode formation in a SiNW with d = 760nm and l = 1.6µm for a 455nm and a 793nm 
incident plane wave. While the short wavelength with a low penetration depth can only form a (Mie) 
mode perpendicular to the SiNW axes, the longer wavelength forms a FP mode propagating throughout 
the entire SiNW. The spectral response of the two modes is indicated with red stars in the uppermost absσ  
spectrum of Figure 1c. As previously stated, the Mie mode appears as one of the characteristic peaks in 
the short wavelength regime while the FP mode produces a narrow peak at a higher wavelength. In Figure 
2, the geometries of the SiNWs which are topic of Figure 1 are indicated. Apart from the SiNW with 
d = 760nm, and l = 1.6µm all these geometries fulfill the conditions for a low relative intensity of FP 
modes at wavelengths larger than 600nm i.e. are located above the red line in Figure 2. The high 
absorption cross sections / concentration factors (see e.g. Figure 1d, the SiNW with d = 100nm absorbs 
light of wavelength λ =  586nm on an area which is about 40 times larger than its geometrical projection 
area pA ), also give evidence of an enormous diffraction of light out of its incident direction into the plane 
perpendicular to the SiNW long axis13. The diffraction is caused by the Mie modes, which propagate in 
this plane and as mentioned before account for the bulk of the resonant absorption enhancement in most 
SiNW geometries considered in Figures 1 and 2. 
Light absorption and concentration in silicon nanowire arrays: With only slight modifications the 
aforementioned definitions of absσ  and X  for individual SiNWs also apply to SiNW arrays. For a unit 
area aˆ  of the SiNW array, absσ  can be written as in (1) 
, , ˆ ˆabs absabs
P j a
A a
j j
γ γ
γ γ
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= = = ⋅           (5) 
with , /absj jγ γ  being the absorption A  of the SiNW array. The geometrical projected part pA  of the SiNW 
array unit area aˆ  (perpendicular to the SiNW axes) can be found by multiplying it with the array filling 
fraction f . With  
ˆpA f a= ⋅           (6) 
X  for the SiNW can be derived as 
abs
p
AX
A f
σ
= =           (7) 
In an array of SiNWs, as can already be seen from equation (7), concentration and absorption occur in the 
same nanoscale object and both properties are directly interrelated. From (7) a fundamental design rule 
for a SiNW array absorber can already be derived: The ideal geometry of a photonic SiNW array absorber 
exhibits the highest absorption A  at the lowest filling fraction f . Furthermore, it can be noted: if a 
SiNW array of height l  has the same absorption A  as a Si slab of thickness l , it is the better absorber 
since it absorbs the light on an area reduced by the inverse filling fraction 1 / f  and therefore exhibits 
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inherent light concentration which increases the voltage of the device (assuming a similar electrical 
performance of the device constituting Si diode)13,14.  
In the following, an optimization strategy of light absorption/concentration in hexagonally aligned SiNW 
arrays is derived. Therefore, a numerical analysis of the SiNW array absorption (reflection, transmission) 
is carried out. It is based on hexagonally aligned SiNW arrays which are variable in the SiNW diameter 
d , the length l , and the pitch a , and a linearly polarized plane wave (300-1100nm) incident along the 
SiNW axis. In the simulations, FP modes in the SiNWs will be suppressed by embedding their lower end 
into a perfectly matching layer (PML) provided by the simulation software (Lumerical, FDTD solutions). 
This simplification is valid, since according to Figure 2, FP modes play only a minor role for absorption 
enhancement in most of the considered geometries. The discussion starts with Figures 3a, b and c which 
shows the spectrally averaged, light absorption A , transmission T and reflection R  of a 
hexagonally aligned SiNW array with 1.6µm length and a pitch of 500nm as a function of SiNW diameter 
d . Here, and in the following, the spectrally averaged values of absorption A , reflection R  and 
transmission T  of the SiNW arrays between oλ = 300nm and 1λ = 1100nm will be calculated as 
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It can be observed that A  peaks for a specific diameter maxd , at a maximum value which is significantly 
higher than A  for a Si slab of 1.6µm thickness. Note that A  of the slab is calculated for a single pass 
of incident light, disregarding FP modes as for the SiNW arrays. The grey dashed lines in Figures 3b and 
c show a linear estimate of T and R  of the SiNW arrays using the values for the Si slab multiplied by 
the filling fraction f of the SiNW array with 500nm pitch and the associated SiNW diameter. The 
comparison of this linear estimate with the numerically calculated values of T  and R  shows that T  
of the SiNW array is much lower than could be explained by the filling fraction, while R  roughly 
resembles its linearly estimated value. Accordingly, as can also be seen by a comparison of the exemplary 
spectra for A , R  and T in Figures 3d, e and f ( d = 150, 350, 480nm), the transmission (and therefore the 
absorption 1A R T= − − ) of the SiNW arrays exhibits a much stronger nonlinear behavior than the 
reflection.  
On the one hand, the nonlinear absorption of the SiNW arrays can be attributed to the strongly nonlinear 
absorption cross section absσ of individual SiNWs. Note, however that for the SiNWs arranged in arrays, 
also the scattering cross section scaσ  implicitly contributes to the mode-induced absorption enhancement. 
Even though the back scattering / reflection from the arrays is not strongly influenced by the modes 
formed in the SiNWs (compare Figure 3f), the forward and sideward scattering into the SiNW array 
follows scaσ , which peaks at about the same wavelengths as absσ  (Figure 1a, grey line / right axis). In this 
case it is reasonable to define an extinction cross section  
ext abs scaσ σ σ= +          (9) 
which describes the total interaction of individual SiNWs with the incident light. For large SiNW 
diameters ( d a→ ) the values of A , T  and R  as well as the corresponding spectra in Figures 3d, e, 
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f converge to the results for the Si thin film as expected. The maximum of A  occurs, as soon as the 
ideal ratio between R  and T  is reached. 
We continue the discussion with the effect of the array pitch and the SiNW diameter on the absorption 
properties of SiNW arrays. Figure 4a shows the spectrally averaged, light absorption A  of hexagonally 
aligned SiNW arrays with 1.6µm length and pitches of 125, 250, 500, 750, and 1000nm as a function of 
SiNW diameter d . It can be seen that for the variation of array pitches, A  peaks for a specific diameter 
maxd . While for a  between 250 and 1000nm the maximum value for A  is about 0.1 higher than the 
value of the corresponding thin film, the value for a = 125nm is considerably lower which will be 
explained in detail later in the text. The specific diameter maxd  for which A  reaches the maximum stays 
constant as SiNWs in the array get longer. Figure 4b displays the example for a = 500nm and an 
increasing length from 1.6 to 9.6 µm. It can be observed that the value of maxd  is 350nm, independently 
of the length of the SiNWs which constitute the array. However, the peak in A  over the diameter d  
gets slightly broader which can be explained by the fact that in longer arrays also the light scattered by the 
SiNWs will increasingly be absorbed. Plotting the SiNW diameter at the maximum A  of a SiNW array 
with length 1.6µm ( maxd ) as a function of pitch a  a linear behavior can be derived (Figure 4 c). A linear 
fit of the data passing through the origin results in the relation  
max ( ) 0.74d a a= ⋅           (10) 
Accordingly, we can calculate the filling fraction of a SiNW array with the highest averaged light 
absorption A  between 300nm and 1100nm as being 
max( ( )) 0.5
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= ≈           (11) 
Here, max( ( ))pA d a  is the projection area of the SiNW with max ( ) 0.74d a a= ⋅  and ( )hexA a  is the area of 
the hexagonal unit cell of the array with pitch a . Due to the linear relation between maxd and a  this value 
is constant, which leads to further fundamental design rules for SiNW absorbers. For homogenous 
illumination with wavelengths between 300 and 1100nm, the maximum absorption in a SiNW array of 
finite length is reached for a filling fraction of 0.5f ≈ . According to Equation 7 it can be concluded that 
the maximum spectral light concentration X  for the ideally absorbing SiNW array cannot exceed a value 
of about 2, since the value of A  for an arbitrary wavelength cannot be higher than 1.  
Nevertheless, the spectral light concentration in non-ideally absorbing SiNW arrays can go beyond a 
value of 2.  This is further illustrated by Figure 5. In panels a, b (c, d) the spectral light absorption A  and 
the spectral light concentration X  of hexagonally aligned SiNW arrays with 1.6µm length, 350nm 
diameter and a pitch of 500, 750 and 1000nm (100nm diameter and a pitch of 125, 250 and 500nm) is 
shown. Once the pitch exceeds a value of 500nm (125nm), which according to the previous 
considerations corresponds to the ideally absorbing configuration, the light absorption in the SiNW array 
decreases and the spectral light concentration as calculated by Equation 7 grows. For a pitch as large as 
1000nm (500nm) the concentration in the array actually approaches the spectral light concentration of an 
individual SiNW. Figures 5a (5c) further give evidence that the nonlinear optical behavior of a SiNW 
array is directly induced by the nonlinear extinction cross section of its individual constituents. For a high 
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pitch within the array, the peaks in the extinction cross section of individual SiNWs directly match the 
peaks of the array absorption. Once the array pitch decreases, these peaks get less pronounced, and 
additionally show an overall blue shift. Figures 5e and f demonstrate the spectral light absorption A  and 
the spectral light concentration X  of hexagonally aligned SiNW arrays with 500nm length, 350nm 
diameter and a length of 1.6, 3.2 and 6.4µm. Intuitively, the absorption of the array increases with 
increasing length of the SiNWs, while as previously stated the spectral concentration approaches f ≈  2 
for the longest array. The spectral concentration of the individual SiNWs constituting the longest array is 
plotted for comparison. As expected, it also by far exceeds the value for the array which again was chosen 
according to the design rules for the highest absorption ( a =  500nm,  d =  350nm). 
From the findings it can be concluded that SiNWs, once embedded in an array configuration, loose great 
parts of their light concentration capacity due to the vicinity to their neighboring structures that cause 
destructive interference. Figures 6a and b show the relative cross sectional energy ( 2E ) density of 
adjacent SiNW for the array configurations shown in Figures 5a, b and 5c, d at the wavelengths that 
correspond to the highest (for smaller pitches blue-shifting) peak between 500 and 600nm wavelength. It 
can clearly be observed that for a smaller pitch the transversal Mie modes are more and more limited to 
the top part of the SiNW arrays. For the lowest pitch in Figure 6b ( a = 125nm) the formation of Mie 
modes is hardly possible since the incoming light cannot penetrate into the ‘voids’, i.e. the free area 
between SiNWs, of the array at all. This finding explains, why the light concentration in the SiNW array 
decreases with an increasing filling fraction (decreasing pitch).  
Due to the limited penetration of light into the voids in dense arrays of SiNWs, the contribution of Mie 
modes to absorption tends to be weaker with increasing filling fraction i.e. the peaks in the absorption 
and concentration spectra smear out (see Figures 5a-d). Note that this effect also explains the low peak 
in the spectrally averaged absorption of the a = 125nm array in Figure 4a, and that there is no sense in 
discussing photonic light absorption enhancement in SiNW arrays of finite length with a pitch a below 
this value. Further, the mode suppression in SiNW arrays explains the linear dependence of maxd  on a  
(Figure 4c, Equation 10). Since at the diameter of maximum absorption the SiNW arrays for any pitch are 
already quite dense, the absorption maxima in the spectra which appear due to photonic resonances are 
already smeared out and account for less than 10 percent of the total absorption in the array (compare 
Figure 3d, green line). In contrast, for the absorption of an array with lower density (e.g. red line Figure 
3d in the manuscript, d = 150nm, l=1.6µm, a= 500nm), the photonic resonances make up the major part 
of the overall absorption. This leads to the conclusion that for the maximum absorption of the SiNW 
arrays, the contribution of nonlinear effects (which depend on the geometry of the SiNW in the array) is 
minor, and the resulting absorption is merely caused by an optimum between top facet reflection and 
quasi-bulk absorption in the array. 
The previous considerations present fundamental design rules for tailoring light absorption and 
concentration in individual SiNWs and SiNW arrays. While an optimization strategy for the absorption 
enhancement could be found, it counteracts the ideal requirements for light concentration that is caused 
by photonic resonances. While in individual SiNWs transversal Mie modes are responsible for the 
strongest photonic effects, modifications of the same modes could explain the nonlinear optical properties 
of SiNW arrays. Once SiNWs are arranged in dense arrays, it could be observed that optical interaction of 
adjacent SiNWs restrict the photonic mode formation and confines it to the very top of SiNWs. This 
causes deviations and finally a suppression of the mode profile of individual, array-constituting SiNWs.  
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These findings raise the question if it is possible to design arrays of photonic Si absorbers that show an 
inherent mode profile, which is independent of the mode formation in the individual array-constituting 
absorbers. The following section will give an example of an array of photonic Si absorbers that fulfills 
this requirement and is therefore of utmost importance for any consideration of one-dimensional 
structures constituting solar absorbers e.g. in thin-film solar cell or solar fuel device concepts. 
Photonic light trapping in arrays of silicon nanocones: In this section it is demonstrated that an array 
of SiNWs which is modified to an array of inverted silicon nanocones (SiNC), i.e. one-dimensional Si 
nanostructures with a slight, negative sidewall taper, shows an enhanced absorption, even at a lower array 
filling fraction. Furthermore, the SiNC arrays exhibit an inherent mode profile, which is independent of 
the modes which prevail in an individual inverted SiNC. Figure 7 shows the essence of our systematic 
investigation for the consideration of one-dimensional Si nanostructures as solar light absorbers. It 
displays the spectrally averaged light absorption A , transmission T  and reflection R  of SiNWs / 
SiNCs with 350nm radius and 1.6µm length arranged in a hexagonal lattice with a pitch of 500nm as a 
function of SiNWs / SiNCs bottom diameter. The initial SiNW array geometry was chosen to account for 
optimal absorption between 300 and 1100nm as discussed in Figure 4. In the graph, the bottom diameter 
d  is plotted in units of the top diameter D . As d  decreases to about 50% of the top diameter, the array 
absorption continuously grows towards an optimum value. This optimum value is reached, once an 
increasing light reflection compensates for the enhanced light absorption (i.e. lower transmission, 
1A R T= − − ) with reducing bottom diameter. 
The reasons for the higher spectrally averaged absorption of the inverted SiNC array as compared to the 
SiNW array is described in more detail by Figure 8. It shows the spectral light absorption A  of SiNWs 
with 350nm diameter and 1.6µm length arranged in a hexagonal lattice with a pitch of 1000nm (black) 
and A  of the same array with a reduced SiNW bottom diameter /d D = 0.4 (red). It can be observed that 
the improved light absorption of the SiNC array as compared to the SiNW array is expressed by a 
multitude of very sharp peaks in the absorption spectrum. As can be shown by the color-coded relative 
cross sectional energy density in adjacent SiNCs for three selected wavelengths (λ = 560, 757, and 
945nm), the peaks are caused by the formation of strong photonic modes. Unlike in the array of SiNWs 
shown in Figure 6, these modes appear in different heights of the SiNC irrespective of a relatively high 
array density. According to Equation 7, the photonic absorption enhancement in the SiNC arrays is 
accompanied by an increased spectral light concentration, as shown in the right axis of Figure 8. Note that 
the filling fraction for the SiNC arrays is calculated, dividing the geometrical projection area pA  (i.e. the 
area of the top facet) of an individual SiNC, by the hexagonal unit area aˆ  of the corresponding array. 
Therefore the array filling fraction for SiNC as well as for the SiNW arrays represents an area filling 
fraction. As it is obvious from the tapered shape of the SiNCs, the volumetric filling fraction of a SiNC 
array is even lower than for a SiNW array with the same top diameter and length. As per Equation 7, the 
light concentration for any wavelength in a SiNW / SiNC array cannot exceed 1 /X f=  since the 
maximum absorption A is 1. Accordingly, for the highest photonic light concentration the maximum 
absorption of a SiNW / SiNC array has to be reached at the lowest possible filling fraction. 
Figure 9a shows the spectral light absorption A  of SiNCs with 350nm top diameter, bottom diameter 
/d D = 0.4 and 1.6µm length arranged in a hexagonal lattice with a pitch of 500 and 600nm. Surprisingly, 
unlike in an array of SiNWs, the absorption of the array with the higher pitch (lower filling fraction) is not 
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substantially lower. This has the aforementioned consequences for the light concentration in the two 
SiNC arrays i.e. the one with the lower filling fraction shows evidence of a significantly higher light 
concentration (Figure 9b). The grey line shows X  of an individual SiNC with 350nm top diameter, 
bottom diameter /d D = 0.4 and 1.6µm length. The distribution of spectral peaks is completely different 
as compared to the SiNC arranged in an array. Furthermore, the individual SiNC shows a less pronounced 
light concentration in the NIR infrared range, which clearly demonstrates that some modes are an inherent 
consequence of the SiNC array configuration. The SiNCs therefore are an example of the aforementioned 
case, where the vicinity of individual array constituting structures is required for the efficient mode 
formation in the array. It proves a fundamentally new concept towards efficient light absorption in arrays 
of photonic absorbers, in which the periodic arrangement is key to the intended mode formation. Arrays 
of SiNCs and related structures with comparable photonic properties therefore require an in-depth 
understanding, so that the potential of inherent light concentration in arrays of Si nanostructures can fully 
be exploited.  
Conclusions: The work investigates nanostructured solar light absorbers which act as inherently light 
concentrating structures (photonic light trapping). However, as the comprehensive numerical analysis 
shows, arrays of SiNWs are rather inappropriate for the design of light absorbers since they do not permit 
a simultaneous optimization of light absorption and concentration. This is most noteworthy, since there is 
a wealth of literature advertising SiNWs for enhanced solar light absorption. This literature usually infers 
optical properties of individual SiNWs to be applicable to arrays of SiNWs, a fact that was proven wrong 
by the present study. It is demonstrated that the spatial correlation of SiNWs in an array widely 
suppresses the formation of Mie modes which are responsible for the enhancement of light absorption in 
SiNW-based photonic absorbers19,21. The modification of SiNW arrays to arrays of inverted SiNCs 
permits to avoid this problem, giving rise to a totally altered set of photonic modes which is induced by 
the spatial correlation of SiNCs in the array. The SiNCs are a prototype of a photonic resonator structure 
which is suitable for the design of inherently concentrating absorbers.  
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Figure 1. Spectral absorption cross section and light concentration of individual SiNW. a) Spectral absorption cross section 
absσ  and b) light concentration factor X  for free floating individual SiNWs with diameter 350nm and lengths of 1.6, 2.4, 3.2, 
6.4 and 9.6µm for a linearly polarized plane wave (300-1100nm) incident along the SiNW axis. The lower grey line in panel a 
shows the spectral scattering cross section scaσ  of a SiNW with a diameter of 350nm and a length of 1.6µm (right axis). c) 
Numerically simulated absorption cross section absσ  and d) light concentration factor X  for free floating individual SiNWs with 
a length of 1.6µm and diameters d  of 100, 180, 350, 540 and 760nm for the same irradiation conditions as in panels a and b. The 
red stars in panel c refer to the inset in Figure 2.  
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Figure 2. Spectral absorption depth of light in Si and considered SiNW geometries. Absorption depth in Si plotted with 
respect to the wavelength of incident light (red solid line). The same graph illustrates SiNW length over diameter. The grey 
points indicate the geometries of the SiNWs whose relative absorption enhancement and spectral light concentration is topic of 
Figure 1. The black dashed lines mark the aspect ratios AR  of 2 and 30. The inset depicts the mode formation in a SiNW with 
d = 760nm and l = 1.6µm for an incident plane wave with selected wavelengths of 455nm and 793nm along the SiNW axis. The 
black arrows show the propagation direction of the modes. 
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Figure 3. Light absorption, transmission and reflection of SiNW arrays as function of SiNW diameter. a) Spectrally 
averaged light absorption A  b) light transmission T  and c) light reflection R  of hexagonally aligned SiNW arrays with 
1.6µm length and 500nm pitch as a function of SiNW diameter d . The black dashed line indicates A , T and R  of a Si 
slab with 1.6µm thickness. The grey dashed lines show a linear estimate of T and R  of the SiNW arrays using the values for 
the Si slab multiplied by the filling fraction f  of the SiNW array with 500nm pitch and the associated diameter. The inset in 
panel c depicts the top view of array geometries associated with the stars in panels a, b, and c. d) Spectral light absorption A  e) 
light transmission T  and f) light reflection R  of hexagonally aligned SiNW arrays with 1.6µm length, 500nm pitch and d of 
150, 350, and 480nm respectively. The spectra correspond to the stars in panels a, b, and c. The black dashed lines indicate A , 
T and R  of a Si slab with 1.6µm thickness.  
13 
 
0 200 400 600 800 10000.1
0.2
0.3
0.4
0 500 10000
100200
300400
500600
700800
0 200 4000.1
0.20.3
0.40.5
0.60.7
l [µm]: 1.6
Si slab 1.6µm
a [nm]: 125, 250,  500,  750,  1000
a [nm]: 500
R2=0.99c)
a)
<A>
<A> dmax[nm
]
a [nm]
b)
dmax=0.74⋅a
l [µm]: 1.6, 2.4, 3.2, 6.4, 9.6
 d[nm]
 d[nm]
Si slab 1.6µm
ax=0.74
 
Figure 4. Maximum spectrally averaged light absorption in SiNW arrays as function of SiNW diameter. a) Spectrally 
averaged light absorption A  of hexagonally aligned SiNW arrays with 1.6µm length and a pitch of 125nm, 250nm, 500nm, 
750nm, and 1000nm as a function of SiNW diameter d . The black dashed line indicates A  of a Si slab with 1.6µm thickness. 
b) A  of hexagonally arranged SiNW arrays with a pitch of 500nm and a length l of 1.6µm, 2.4µm, 3.2µm, 6.4µm, and 9.6µm 
respectively. c) SiNW diameter at the maximum A  of a SiNW array with length 1.6µm ( maxd ) as a function of pitch a . The 
dashed red line indicates a linear fit passing through the origin. 
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Figure 5. Spectral light absorption and concentration in SiNW arrays as function of array pitch. a) Spectral light 
absorption A  and b) spectral light concentration X  of hexagonally aligned SiNW arrays with 1.6µm length, 350nm diameter 
and a pitch of 500, 750 and 1000nm, respectively. The gray line in panel a shows the spectral extinction cross section scaσ  of an 
individual SiNW with 1.6µm length and a diameter of 350nm. The gray line in panel b shows the spectral spectral light 
concentration X  of the same individual SiNW. c) Spectral light absorption A  and d) spectral light concentration X of 
hexagonally aligned SiNW arrays with 1.6µm length, 100nm diameter and a pitch of 125, 250 and 500nm, respectively. The gray 
line in panel c shows the spectral absorption cross section scaσ  of an individual SiNW with 1.6µm length and a diameter of 
100nm. The gray line in panel d shows the spectral spectral light concentration X  of the same individual SiNW. e) Spectral light 
absorption A  and f) spectral light concentration X  of hexagonally aligned SiNW arrays with 500nm pitch, 350nm diameter and 
a length of 1.6, 3.2 and 6.4µm, respectively. The gray line in panel f shows the spectral spectral light concentration X  of an 
individual SiNW with 6.4µm length and a diameter of 350nm. 
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Figure 6. Dependence of photonic mode formation in SiNW arrays on the array pitch. a) Relative cross sectional energy 
density ( 2E ) of adjacent SiNW in a hexagonally aligned SiNW array with 1.6µm length, 350nm diameter d  and a pitch a  of 
500, 750, and 1000nm. Images are recorded at a wavelength of 515, 530, and 540 nm, respectively, associated to peaks in the 
related absorption and concentration spectra in Figures 5a and b. b) Relative cross sectional energy ( 2E ) of adjacent SiNWs in a 
hexagonally aligned SiNW array with 1.6µm length, 100nm diameter d  and a pitch a  of 125, 250, and 500nm. Images are 
recorded at a wavelength of 510, 520, and 565 nm, respectively, associated to peaks in the related absorption and concentration 
spectra in Figures 5c and d. 
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Figure 7. Spectrally averaged light absorption in SiNW / SiNC arrays as function of the SiNW / SiNC bottom diameter.  
Average light absorption A , transmission T  and reflection R  of SiNWs / SiNCs with 350nm diameter and 1.6µm length 
arranged in a hexagonal lattice with a pitch of 500nm as a function of SiNWs / SiNCs bottom diameter. The bottom diameter d  
is plotted in units of the top diameter D . Insets on top show the schematic cross sections of the SiNWs / SiNCs with the 
associated geometries. 
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Figure 8. Spectral light absorption of SiNW as compared to SiNC arrays. Spectral light absorption A  (concentration X ) of 
SiNWs with 350nm diameter and 1.6µm length arranged in a hexagonal lattice with a pitch of 1000nm (black) and for the same 
array with a reduced SiNW bottom diameter /d D = 0.4 (red).The dashed black line shows A  of a 1.6µm thick Si slab for 
reference. Images on top represent the color-coded relative cross sectional energy density in three adjacent SiNCs of the array 
with reduced bottom diameter for the absorption maxima at 560nm, 757nm, and 945nm marked by the red dashed lines. 
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Figure 9. Spectral light absorption and concentration in SiNC arrays as function of array pitch. a) Spectral light absorption 
A  of SiNCs with 350nm top diameter, bottom diameter /d D = 0.4 and 1.6µm length arranged in a hexagonal lattice with a 
pitch of 500nm (red) and 600nm (black). b) Spectral light concentration X  of SiNCs with 350nm upper diameter, bottom 
diameter /d D = 0.4 and 1.6µm length arranged in a hexagonal lattice with a pitch of 500nm (red) and 600nm (black). The grey 
line shows X of an individual SiNC with 350nm top diameter, bottom diameter /d D = 0.4 and 1.6µm length. 
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